Animal behavior is often organized into stereotyped sequences that promote the goals of reproduction, 2 4 development, and survival. However, for most behaviors, the neural mechanisms that govern the order 2 5 of execution of the motor programs within a sequence are poorly understood. An important model in 2 6
understanding the hormonal determinants of behavioral sequencing is the ecdysis sequence, which is 2 7
performed by insects at each developmental transition, or molt. The adult ecdysis sequence in 2 8
Drosophila includes the emergence of the insect from the pupal case followed by expansion and 2 9
hardening of the wings. Wing expansion is governed by the hormone bursicon, and stimulation of the 3 0 bursicon-expressing neurons in newly eclosed flies induces rapid wing expansion. Here we show that 3 1 that such stimulation delivered prior to eclosion has no immediate effect, but does cause rapid wing 3 2 expansion after eclosion if the stimulus is delivered within 40 min of that event. We observe a similar 3 3 delayed effect upon stimulation of a single pair of bursicon-expressing neurons previously identified as 3 4
command neurons for wing expansion. We conclude that command neuron stimulation enables the 3 5 motor output pathway for wing expansion, but that this pathway is blocked prior to eclosion. By 3 6 manipulating the time of eclosion, we demonstrate that some physiological process tightly coupled to 3 7 adult ecdysis releases the block on wing expansion. Eclosion thus serves as a behavioral checkpoint and 3 8 complements hormonal mechanisms to ensure that wing expansion strictly follows eclosion in the 3 9 ecdysis sequence. 4 0
Introduction 4 2
One of the most salient features of behavior is its temporal organization. Over both short and long 4 3 timescales, the motor output of the nervous system is assembled into relatively identifiable sequences.
The mechanisms used by the nervous system to generate such sequences range from the central pattern 4 5 generating networks used to produce rhythmic motor sequences underlying such things as locomotion 4 6 and feeding (Marder and Bucher, 2001) , to the broadly distributed neuroendocrine networks that 4 7 organize complex behavioral sequences, such as those that characterize developmental or reproductive 4 8 cycles in many animals (Ewer and Reynolds, 2002; Pfaff et al., 2006) . Sequences of the latter type 4 9 typically depend on the patterned release of hormones to either direct motor output or alter behavioral 5 0 priorities, and the timing of release of successive hormones is typically dependent upon both intrinsic 5 1 neural and endocrine signaling as well as on environmental cues (Wingfield, 2006) . Developing a 5 2 detailed understanding of how neuroendocrine networks function to ensure the type, timing, and order of 5 3
hormonal release--and consequently the correct progression of a behavioral sequence--is a major 5 4 challenge of behavioral neurobiology. 5 5
A well-studied model for understanding the mechanisms that govern hormonally-regulated behavioral 5 6 programs is the ecdysis sequence, which is used by insects to periodically shed their exoskeletons 5 7 (Truman, 2005; Zitnan et al., 2007) . This sequence can be divided into three phases, typically called pre-5 8 ecdysis, which involves breaking the attachments to the cuticle of the previous developmental phase, 5 9 ecdysis, which involves shedding the old cuticle, and postecdysis, which typically consists of expanding 6 0 and hardening a new cuticle into which the insect can grow. Evidence indicates that progression through 6 1 these three phases is orchestrated by the patterned release of hormones and neuropeptides, with sensory 6 2 cues able to catalyze particular steps. The hormonal mechanisms responsible for the initiation of the 6 3 ecdysis sequence and for the transition from pre-ecdysis to ecdysis have been largely elucidated for the 6 4 hawkmoth, Manduca sexta (Zitnan and Adams, 2012). The transition from ecdysis to postecdysis, 6 5 however, is less well-understood in any insect, though there is evidence that the onset of postecdysial 6 6 behaviors in both crickets and grasshoppers is triggered when sensory signals report the removal of the 6 7 old exoskeleton (Carlson, 1977; Hughes, 1980) . 6 8
The behavioral transition from ecdysis to postecdysis is particularly well-defined for the final, adult molt 6 9 in holometamorphic insects, such as Drosophila melanogaster, where the insect first completes ecdysis 7 0 by emerging from the pupal case and then proceeds to expand and harden its newly formed wings along 7 1 hemolymph was then injected into buffer. Hemolymph for positive control (+) samples were collected 1 4 0 from either wildtype Canton S (Fig. 4) bursicon either immediately after TRPM8 activation ( Fig. 2A, lanes 3 and 4) , or 15 minutes later (Fig.  2  1  3 2A, lanes 5 and 6). Because bursicon is required for wing expansion (Dewey et al., 2004) , and flies in which N Burs is 2 1 5 stimulated within 40 min of eclosion expand their wings shortly after eclosion, we reasoned that 2 1 6 bursicon release into the hemolymph in these flies must, like the behavioral response, be delayed until 2 1 7 after eclosion. To test this, we extracted hemolymph from flies that eclosed within 5 minutes of a pre-2 1 8 eclosion temperature shift and examined it by Western blot for bursicon. As shown in Fig. 2B (lane 3), 2 1 9
we found detectable levels of bursicon in these hemolymph samples, indicating that the hormone is 2 2 0 indeed released in a delayed fashion that correlates with the behavioral response. Control flies that 2 2 1 lacked the Burs-Gal4 driver and underwent the same experimental procedures showed no detectable 2 2 2 bursicon in the hemolymph ( Fig 2B, lane 2) . These results indicate that not only the motor, but also the 2 2 3 neuroendocrine, outputs of the wing expansion pathway are suppressed prior to eclosion. The effects of TRPM8 activation are strictly correlated with eclosion 2 2 6
Our results have shown that pre-eclosion N Burs stimulation results in some persistent change in the 2 2 7 nervous system--at the level, or downstream, of the bursicon-expressing neurons themselves--that causes 2 2 8 rapid wing expansion, but only after the fly has eclosed. A critical question is whether eclosion itself 2 2 9 acts as a gate to allow the effects of the pre-eclosion stimulus to be realized, or whether eclosion is 2 3 0 merely coincident with some other physiological change that serves as such a gate. In the course of obtaining hemolymph from pharate adults at the extended ptilinum stage, we made the 2 3 9 observation that many animals quickly eclosed upon removal of the operculum. Those that did not 2 4 0 immediately eclose could often be encouraged to eclose by stimulating the exposed head with a brush.
We took advantage of this observation to force N Burs >TRPM8 flies to eclose prematurely, after which 2 4 2 we immediately subjected them to a 15 min temperature decrement to 18°C (from 24°C) and examined 2 4 3 them for either bursicon release into the hemolymph (Fig. 3A) or behavior (Fig. 3B) the start of the temperature shift, compared to 244 +/-56 min (n=13) for control flies that lacked a Gal4 2 4 8 driver but were treated identically (Fig. 3B) . The observed acceleration of wing expansion in flies forced 2 4 9 to eclose prematurely was similar to that seen in flies that had eclosed normally in minichambers: these 2 5 0 N Burs >TRPM8 flies expanded their wings within 27 +/-4 min (n=13) of the temperature shift, whereas 2 5 1 control flies that lacked a Gal4 driver showed no response to the temperature shift and took 160 +/-57 2 5 2 min (n=20) to expand their wings (Fig. 3B) . We conclude that flies forced to eclose during the extended 2 5 3 ptilinum phase have the capacity to respond to N Burs stimulation by releasing bursicon into the 2 5 4 hemolymph and executing wing expansion. The fact that they do not do so if the fly is still in the 2 5 5 puparium suggests that it is this confinement which inhibits the expansion processes.
In a similar set of experiments, we examined the effects of delaying eclosion by placing a cotton plug 2 5 7 over the operculum and removing it approximately an hour after the anticipated time of eclosion (based 2 5 8 on ptilinum extension). Removal of the plug together with the operculum typically led to rapid eclosion 2 5 9 of animals trapped in the puparium in this manner. To test the response of such animals to N Burs 2 6 0 stimulation, we subjected N Burs >TRPM8 flies to a 15 min temperature decrement directly prior to 2 6 1 releasing them. Despite their artificially delayed eclosion time, these animals exhibited a similar 2 6 2 response to stimulation as N Burs flies stimulated just prior to natural eclosion: They showed no overt 2 6 3 behavioral response to the pre-eclosion temperature shift, but rapidly expanded their wings once allowed 2 6 4 to eclose into the environment of the minichamber. Their average time to wing expansion (16 +/-2 min; 2 6 5 n=13) was over ten-fold faster than that of controls (189 +/-36 min, n=10) not subjected to TRPM8
activation by a temperature shift (Fig. 4A ). Western blot analysis in animals prevented from eclosion 2 6 7 further showed that bursicon was absent in the hemolymph of N Burs >TRPM8 flies directly after 2 6 8 stimulation, but appeared in the hemolymph within 5 min of eclosion (Fig. 4B ). 2 6 9
Taken together, our results show that release of bursicon into the hemolymph and the execution of wing 2 7 0 expansion behaviors in response to N Burs stimulation correlates strictly with eclosion even when the 2 7 1 timing of that event is altered. This strongly suggests a causal relationship between eclosion and the 2 7 2 ability to respond to N Burs >TRPM8 activation and implies that a change in some physiological 2 7 3 variable(s) closely coupled to eclosion permits rapid bursicon release and wing expansion under 2 7 4 environmentally inhibitory conditions. 2 7 5
Pre-eclosion stimulation of the B SEG alone results in posteclosion activation of the wing expansion 2 7 6 pathway 2 7 7
The failure of pre-eclosion N Burs stimulation to directly promote detectable bursicon release into the 2 7 8 hemolymph was striking given that a subset of bursicon-expressing neurons in the abdominal ganglion 2 7 9 (i.e. the B AG ) is directly responsible for this release. Indeed, we have previously shown that selective 2 8 0 activation of the B AG after eclosion elicits bursicon release into the hemolymph (Luan et al., 2012 similarly staged, so we tested the effects of pre-eclosion stimulation on animals in which eclosion was 2 8 9 artificially delayed for one hour. As before, the 15 min temperature shift to 18°C was performed just 2 9 0 prior to releasing the animals and allowing them to eclose. As in our previous experiments, we noted no immediate behavioral response to the temperature shift in 2 9 2 either B AG >TRPM8 or B SEG >TRPM8 flies, and in neither case was bursicon found in the hemolymph 2 9 3 immediately after eclosion (Fig. 4B, 0' lanes) . B AG >TRPM8 flies temperature-shifted prior to eclosion 2 9 4 also did not exhibit rapid wing expansion after eclosion, taking on average 107 +/-40min (n=9) to
expand their wings, as compared with 116 +/-32 min (n=6) for non-temperature-shifted control flies 2 9 6 (Fig. 4A) . Importantly, Western blot analysis revealed that B AG >TRPM8 flies also lacked detectable 2 9 7 bursicon release into the hemolymph both immediately after, and within 5 min of, eclosion (Fig 4B,  2  9  8 B AG lanes). This was in contrast to the results obtained with B SEG >TRPM8 flies, which, when subjected 2 9 9
to temperature shift prior to eclosion, showed robust levels of bursicon in the hemolymph 5 min after 3 0 0 eclosion (Fig. 4B, 5 ' B SEG lane), and also rapidly expanded their wings (21 +/-5 min, n=9) despite the 3 0 1 confined environment of the minichamber. B SEG >TRPM8 flies not subjected to the pre-eclosion 3 0 2 temperature shift took 143 +/-36 minutes (n=7) to complete wing expansion (Fig. 4A) To successfully expand its wings, the newly metamorphosed fly must delay wing expansion until after 3 1 0 eclosion. Although wing expansion is known to require secretion of the hormone bursicon both into the 3 1 1 hemolymph and into the nervous system, the mechanisms that govern bursicon release remain obscure. 3 1 2
In the current study, we have shown that these mechanisms are tightly regulated prior to adult 3 1 3 emergence. Specifically, we demonstrate that the activation of bursicon-expressing neurons, a 3 1 4 manipulation previously shown to rapidly elicit bursicon release and wing expansion in an eclosed fly, 3 1 5 fails to do so in a fly prior to eclosion. Interestingly, pre-eclosion neuronal activation exerts a delayed 3 1 6 effect, and induces rapid bursicon release into the hemolymph and wing expansion shortly after 3 1 7 eclosion. These results, which are summarized in Figure 5 , permit several interesting conclusions. First, 3 1 8 both bursicon release into the hemolymph and execution of the motor patterns that support wing 3 1 9 expansion are suppressed prior to eclosion; second, this suppression is relieved by some physiological 3 2 0 change that is tightly coupled to emergence from the pupal case; and third, stimulation of the bursicon-3 2 1 expressing neurons--or even the single pair of bursicon-expressing neurons that act as command neurons 3 2 2 for wing expansion--induces a relatively persistent change in the nervous system that causes rapid wing 3 2 3 expansion after eclosion under environmental conditions that would normally inhibit it. The first of these conclusions is broadly consistent with the finding that inhibitory pathways are thought 3 2 5
to play a role in gating adult ecdysis in insects (Fuse and Truman, 2002; Zitnan and Adams, 2000) .
Eclosion in the fly typically follows the release of eclosion hormone (i.e. EH) by approximately 45 min, 3 2 7 but animals in which the heads are ligated after EH release (i.e. during the extended ptilinum stage) will 3 2 8
eclose within approximately a minute (Baker et al., 1999) . This suggests that the motor program for 3 2 9 eclosion is available for execution after EH release, but is inhibited by signals descending from the head 3 3 0 for about three-quarters of an hour, presumably to allow certain physiological changes to occur. It 3 3 1 remains to be determined whether wing expansion is inhibited by the same circuits that inhibit eclosion 3 3 2 or by some other mechanism, but preliminary experiments suggest differential mechanisms of inhibition 3 3 3
in that animals head-ligated after a pre-eclosion TRPM8 stimulation showed no wing expansion 3 3 4
behavior if forced to remain in the puparium (unpublished data, Peabody and White). The data presented 3 3 5
here make clear, however, that the downstream effectors of wing expansion are blocked prior to 3 3 6 emergence in that neither bursicon secretion into the hemolymph nor the motor patterns for wing 3 3 7 expansion--namely air swallowing and sustained abdominal contraction--are induced by stimulation of
the bursicon-expressing neurons prior to eclosion. The fact that bursicon release into the hemolymph is 3 3 9 inhibited indicates that the block of the B AG is direct, as these neurons are responsible for bursicon 3 4 0 secretion into the hemolymph. The mechanism of block appears to differ from the mechanism that 3 4 1 operates after eclosion under conditions of confinement, when animals execute an environmental search 3 4 2 program using eclosion-related behaviors (Peabody et al., 2009 Regardless of its mechanisms, our results demonstrate that pre-eclosion inhibition of wing expansion is quickly expand their wings only after emerging from the pupal case even though it is clear that they are 3 5 6 competent to expand in response to stimulation. Likewise, flies in which eclosion is artificially delayed 3 5 7
for an hour respond to N Burs stimulation only after eclosing, which also indicates that expansion is 3 5 8 dependent on this event rather than being under independent control. Overall, our results suggest that the 3 5 9 neural circuitry governing wing expansion is released (or partially released) from inhibition by some 3 6 0 process tightly coupled to eclosion. One candidate process is the release from contact with all or part of 3 6 1 the pupal case. Indeed, in locusts it has been demonstrated that retraction of the head from the old 3 6 2 exoskeleton is a prerequisite for postecdysial expansion (Hughes, 1980) . Similarly, in crickets the 3 6 3 freeing of the abdominal sensory appendages (i.e. the cerci) from the old exoskeleton is coupled to 3 6 4 expansion (Carlson, 1977) . As noted in the present work, removal of the operculum is often sufficient to 3 6 5 induce eclosion after EH release and it is possible that opening of the operculum also releases the 3 6 6 machinery of wing expansion from pre-eclosion inhibition. This mechanism is consistent with the 3 6 7 observation that pre-eclosion stimulation has an effect only if delivered within 40-50 min of eclosion, 3 6 8 the approximate time window of EH release (Baker et al., 1999 Although the mechanisms of both pre-eclosion inhibition of wing expansion and its release upon 3 8 6 emergence are unknown, our results emphasize the importance of emergence as a behavioral checkpoint 3 8 7 that prevents wing expansion within the pupal case--an event that would certainly result in disfigured 3 8 8
wings. The fact that this safeguard is needed suggests that the circuitry underlying wing expansion is 3 8 9 either activated, or at risk of being activated, prior to eclosion. With respect to the first possibility, and 3 9 0 as noted above, EH may play a role in activating this circuit prior to eclosion. This would be consistent 3 9 1 with the action of EH on bursicon-expressing neurons in Manduca at larval ecdysis (Ewer et al., 1994) ,
and also with the fact that flies in which the EH-expressing neurons have been ablated largely fail to 3 9 3 expand their wings (McNabb et al., 1997) . With respect to the second possibility, it may be that the wing 3 9 4 expansion circuit is armed or activated strictly after eclosion, but that the danger of its accidental 3 9 5 activation prior to eclosion exists and must be avoided. Elucidating which of these two possibilities 3 9 6 exists should help further clarify how the ecdysis sequence is organized at the level of neural 3 9 7 architecture and, in general, further our understanding of how behavioral structure emerges from neural 3 9 8 structure. (
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